The structural and electrochemical properties of manganese oxide (MnO 2 ) electrodeposited by potentiostatic and galvanostatic conditions are studied. X-ray diffraction analyses confirm identical MnO 2 phase (ramsdellite) are deposited under potentiostatic and galvanostatic conditions. Under comparable current density during electrodeposition, MnO 2 deposited by galvanostatic condition shows smaller crystallite size, less compact layered structure, higher surface area and wider band gap, in comparison to the potentiostatic
In recent years, MnO 2 is attracting attention for supercapacitor application, mainly due to the high abundancy of manganese [1] that contributes to low material cost as compared to the expensive ruthenium metal. Pang et al. reported high specific capacitance (700 F g -1 ) for MnO 2 thin films in year 2000 and their findings sparked strong interest among energy research community for its application in supercapacitor electrode [2, 3] . Such high capacitance value is attributed to the ions insertion/desertion within MnO 2 structure and it depends crucially on the particle size, surface area and porosity. Since then, in achieving optimized condition for the aforementioned properties, MnO 2 with different morphologies were developed, such as nanoflakes [4] , nanorods [5] , nanowires [6] , nanopetals [7] and nanosheets [8] . In this context, the synthesis route plays a vital role in determining its morphology. The most common synthesis route for MnO 2 is chemical coprecipitation method [9, 10] that involves dissolved Mn 4+ precursor. However, the instability of Mn 4+ precursor in
the aqueous solution as well as the contact resistance between synthesized MnO 2 and current collectors hinders its common usage in electrochemical applications [11, 12] . Apart from chemical coprecipitation method, electrochemical deposition was proven to be an effective method to prepare MnO 2 nanostructures [5, 13, 14] . There are two approaches for electrochemical deposition of MnO 2 , namely anodic oxidation and cathodic reduction.
Cationic Mn 2+ precursor is commonly used in anodic oxidation while anionic MnO 4 − (Mn 7+ ) is used in cathodic reduction. In comparison, cathodic reduction offers more versatility as various metals could be co-deposited during the deposition process and the oxidation of the metallic substrate during anodic deposition could also be avoided [6, 15, 16] . The cathodic reduction of MnO 4 − in neutral aqueous solutions can be represented by the following reaction [17] :
The kinetic pathway of reducing Mn 7+ to Mn 4+ is an important factor in determining MnO 2 microstructure and it could be manipulated by potential and current during electrodeposition process [6, 7, 17] . In this context, galvanostatic and potentiostatic techniques are widely employed to electrochemically produce MnO 2 nanostructures [6, 11, 13, 18] . Suhasini reported the comparison study between MnO 2 films electrodeposited by potentiostatic and galvanostatic techniques, and demonstrated the galvanostatic technique could produce MnO 2 film with higher specific capacitance [19] . However, the reported study with an AC amplitude signal of 10 mV. All electrochemical data were collected using AUTOLAB PGSTAT M101 potentiostat/galvanostat equipped with frequency response analyzer. The crystallite size and morphology affect the electronic and electrochemical properties of a nanostructure. The electronic properties of MnO 2 (PS) and MnO 2 (GS) were investigated by band gap studies. MnO 2 exhibits broad absorption band at ca. 400 nm, which is the characteristic of the excitation from O 2p to Mn 3d [23] . The absorption band gap (E g ) was obtained from the following equation [24] :
Results and discussion
where, hυ is the photon energy, β is a constant relative to the material, E g is the energy band gap, α is the absorption coefficient and the exponent n takes different values depending on electronic transition types in the Κ space (2 for direct allowed, 2/3 for direct forbidden, 1/2 for indirect allowed and 1/3 for indirect forbidden transition). The absorption coeficient (α)
was calculated as reported elsewhere [24] . Extrapolation of the linear line to zero absorption coefficients gives the values of energy band gap as shown in Figure 5 . the slope of discharge curve using the equation reported elsewhere [26] . As suggested by the band gap results, MnO 2 (GS) with wider band gap shows higher specific capacitance (196 F g -1 at 1 A g -1 ), in comparison to the MnO 2 (PS) (128 F g -1 at 1 A g -1 ). MnO 2 deposited by both techniques show similar trend in which the specific capacitance values increase with lower current density, as shown in Figure 6 (c). This trend is attributed to the slower ions diffusion at lower current density that contributes to higher ions adsorption. However, the specific capacitance values for MnO 2 (PS) decrease drastically at higher current density, which could be related to the high compactness of MnO 2 (PS) structure that limits the penetration of ions into the inner region due to fast potential change at high current density. These findings suggest MnO 2 (GS) is more suitable to be deployed as supercapacitor electrode, even at high current density load. The stability tests were conducted by continuous charge-discharge MnO 2 at 5 A g -1 and the results are presented in Figure 6(d) . After 5000 cycles of chargedischarge, MnO 2 (GS) shows higher stability with 88% of capacitance retention, as compared to the 75% for MnO 2 (PS). Moreover, the coulombic efficiency ( Figure 6(d) inset) for MnO 2 (GS) was found to be higher than that obtained for MnO 2 (PS) after 5000 cycles chargedischarge. Such findings could be explained by the high compactness of MnO 2 (PS) structure that could easily be clogged up during long charge-discharge cycles.
M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT 9 Figure 7 shows the Nyquist plots for MnO 2 (GS) and MnO 2 (PS). MnO 2 (GS) shows
shorter Warburg diffusion at low frequency, possibly due to the better nanosheets spacing and less compactness of the structure. Insets of Figure 7 show the zoomed impedance plots at high frequency region and the equivalent circuit fitting. The corresponding fitted data is tabulated in to the formula reported elsewhere [4] . The electroactive surface area for MnO 2 (GS) was calculated to be 190 cm 2 g -1 , that is about 2 folds higher than the 108 cm 2 g -1 surface area for Galvanostatic deposition is more suitable approach to produce MnO 2 for supercapacitor
